INTRODUCTION
Tux application of statistical theory to inheritance studies of quantitative characters has in many cases led to a better understanding of the genetic systems involved. Statistical techniques are commonly used which enable breeders to test for epistasis and to obtain precise and unbiased estimates of the additive and dominance components of genetic variation. However, genotype-environment interactions create difficulties in interpreting results from experiments carried out in different environments and often lead to inaccurate and biased estimates of additive and non-additive components of genetic variation. It is only in recent years that methods have been developed to detect and estimate the magnitude of genotype-environment interactions (Finlay and Wilkinson, 1963; Eberhart and Russell, 1966; Bucio Alanis, 1966; Bucio Alanis and Hill, 1966; Perkins and Jinks, 1968a, b; Bucio Alanis et al., 1969) . The development of these analytical techniques first proposed by Yates and Cochran (1938) provide excellent tools by which results from large numbers of trials in different environments can be interpreted. Rojas and Sprague (1952) studied the interaction of general and specific combining ability with locations and years for yield in corn and found that the latter interactions were greater than corresponding estimates involving general combining ability. Contrary to the above findings, greater interactions of general combining ability with the environment than the corresponding estimates involving specific combining ability were observed by Matzinger et al. (1959) for yield in corn, Liang (1967) for yield and other characters in Sorghum and by Paroda and Joshi (1970) for yield and components of yield in wheat. It is clear from these contradictory results that further information on additive and non-additive components in respect of their interaction with the environment is required before the pattern, if any, of such interactions can be determined.
In this paper we analyse the data for ear emergence from ten parent varieties of spring barley and their F1 hybrids which have been grown in eight different environments in order to study the genotype-environment interactions. The pattern of ear emergence of the ten parents and their F1 hybrids was first investigated using the analytical approaches proposed by Finlay and Wilkinson (1963) in barley, Eberhart and Russell (1966) was carried out in the way described byJinks (1954) and Hayman (1954a, b) , and estimates of the components of genetic variation were used to examine the interaction of additive and non-additive components with the environment, as well as to obtain further information about the inheritance of ear emergence in barley. The character ear emergence was selected for study because it can be precisely measured and can be greatly influenced by changes in Moderately early 2-row parent of M-l2a. From Sweden photoperiod and temperature. The principles of the analysis will apply equally well to other quantitative characters such as height and yield. This paper also discusses the practical application of the information on genotype-environment interactions for the selection of more stable and superior genotypes.
MATERIALS AND METHODS
The ten barley genotypes listed in table 1 were selected for study on the basis of their differences in earliness and diversity of origin. None required vernalisation before earing. They were crossed in a diallel fashion and at least 25 F1 hybrids per cross and their reciprocals were produced by hand pollination in the glasshouse. The only exceptions were crosses involving Cb 1007 (No. 8) , which failed to set seed when used as a female.
The plants were subjected to the following eight treatments, which are referred to as environments: Plants were also grown at 30° C., 16 hr., but since a high proportion of plants died under these conditions the data have not been included in the overall analysis.
Plants subjected to treatments in growth rooms and the glasshouse were developed from seeds germinated on pads and transplanted into sterilised compost in 3-in. (9 cm.) diameter pots contained in waterproof boxes.
They were maintained in a warm glasshouse until the first leaf emerged and then introduced into the growth rooms. The light intensity was estimated to be 2000 ft.-c. in each case. Two replicates of each cross-combination were planted; because of limitations on space only two plants and their reciprocals were used in each block. The boxes containing the plants were placed on trolleys which were moved within the cabinet three times every week in order to randomise the effects of any differences in light intensity and air temperature within the room.
Plants grown in the field were planted in whalehide pots in the glasshouse and transplanted when in the first leaf stage. They were spaced 6 in.
(15 cm.) apart within rows set 2 ft. (61 cm.) apart. In the field, each plot contained five plants in each of the two blocks. In every experiment, two plots of parents were included in each block. The number of days to ear emergence was recorded when the tip of the uppermost spikelet had emerged beyond the auricules of the flag leaf. The mean time taken for the ten varieties to ear in the eight different environments with the corresponding regression coefficients is given in table 2. The mean performance of each variety was also plotted against the mean of each environment ( fig. 1 ). On average, increased daylength and increased temperature reduced the time taken to reach ear emergence. of variance of the parent data (table 3a) showed that the mean differences between the parents and environments were highly significant. The genotype x environment interaction was also highly significant; when this interaction is partitioned, it is clear that most of the variation can be attributed to differences between the linear regression lines of the ten varieties although the remainder of the variation around the regression lines is also significant. The calculated linear regression for each variety was tested against both the error M.S. and its own remainder M.S. Six varieties showed significant regression when tested against the error M.S.; of these, two regression lines (i.e. for Proctor (No. 2) and Bonus M-12a (No. 9)) were significant when also tested against their own significant remainder M.S. The estimates of (calculated as remainder M.S.-error M.S.), the regression coefficients with their standard error (Sb) and the mean of the ten varieties are also given itt table 2. The standard errors proved to be heterogeneous (x2 in the Bartlett's Test = 2066; P < 000l), which confirms that there were distinct differences between varieties in the amount of deviation around the regression slopes and indicates that this attribute is under gene control. There was a correlation between the means and the linear regressions of the parents (r = 0647; P < 005), with the late varieties in general being more sensitive to changes in the environment. The regression slopes of the late varieties tend to be steeper (b> 1) than those of the early varieties (b < 1). As this correlation was only significant at the 5 per cent, level, any generalisation about the sensitivity of the parents on the basis of their mean performance would, however, be tentative. It is also important to see whether similar association persists over the generations. This point will be considered in section (b). The irradiated mutant M-12a from Bonus (No. 9) was the earliest in all environments, a feature which becomes more pronounced in environments which delayed heading in other varieties. This is reflected in the regression value of b = ft6l9 for this genotype. It is, on average, much less responsive to changes in the environment than other varieties. However, the value of S for M-12a was high (786), which indicates that there was considerable variation around the regression slope. The joint regression analysis for the F1's (table 3b) confirms that there were significant differences between the means for the different environments and the F1 hybrids. In addition, the variances due to genotype-environment interactions, heterogeneity between regressions and the remainder were all significant, confirming the presence of genotype-environment interactions in the F1 generation. As with the parent analysis a large and significant portion of these interactions was attributable to differences between the linear function of the environmental means.
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The mean values of the F1's over all environments, the S (see Eberhart and Russell, 1966) , /3(11) and h(jj) values (see Perkins and Jinks, 1968a) are given in table 4. A comparison of the mean parent and F1 values showed that on average there was partial dominance towards earliness.
The range of the dominance contributions (h(u)) of the F1's (-1320 to 9l9) was less than the range of the additive genetic contributions (d'1 or the parental means) of the parents (see table 2 ). Also the range of the linear regression coefficients (/3(11)) of the F1's (-034 to 016) was less than the range of the linear regression coefficients of the parents. Similarly, the F1's exhibited less deviation around the regression slopes () than the parents.
The Jjj values were significant for 23 F1 crosses, of these only 12 were significant against their remainder M.S.'s (marked as ** or * in table 4). The distribution of these significant Jl (l)'5 was not at random but they were concentrated in arrays 1, 2, 3, 6 and 10. All the parents in these arrays had a regression coefficient greater than unity. This revealed that F1 hybrids from crosses involving one or both parents which had regression slopes greater than one, tended to show a high linear response to environmental variation. This can be explained by the action of dominance for this character. All the F1 crosses with Proctor (No. 2) as a parent had in the values of the deviations around the regression slopes () for F1's in the different arrays. F1's in array 3 (involving Line 7-2) showed least deviations around their regression slopes but only four /Ui) values were significant. Thus, different parents showed dominance for both the regression slope and the deviations around the slope confirming that both attributes are under the control of different gene systems. Thus, the individual means, the regression slope and the deviation around the slope must all be considered in evaluating the potential performance of genotypes.
The correlation between /3j) and h(Il) values was poor (r 0224).
Thus in contrast to the parents, the mean rate of ear emergence of the F1's was not significantly correlated with their regression slopes.
(c) Diallel analysis and interpretations of the WrJVr graphs
The F1 and parental data were analysed using the graphical and statistical techniques developed byjinks and Hayman (1953) , Hayman (1954a, b) and Jinks (1954) . Analysis of variance of the diallel tables (table 5a) indicated the presence of significant additive and dominance components and the absence of reciprocal differences in all the environments. The error variances were relatively high in the controlled environments reflecting the inherent variation in growth rooms and the lower level of replication of plants per plot.
In the analysis over all environments (table 5b) the genetical variation amongst the parents a was significant and accounted for a high proportion of the total variation. The overall dominance component b was smaller but significant. The significant b1 value confirms that the F1 hybrids exhibited dominance for earliness. The F1 hybrids took on average 754 days after germination to reach ear emergence compared with 781 days for the parents. There is strong evidence of asymmetry at loci showing dominance for earliness (b2). Although there is some evidence of maternal effect c, when tested against its own environmental interaction mean variance, it is not significant when tested against the pooled error. As observed in table 3 (a) and (b), the differences between the environments were significant, but in addition the results of these analyses show that the additive and each of the dominance components interacted strongly with the environments.
The Wr/ Vr graphs for the eight different environments are given in fig. 2 which also includes the graph for the pooled data from all environments.
The graphs provide information on mean dominance, relative dominance of the parents and evidence of epistasis, when present. Since one of the basic assumptions in the diallel cross analysis is that epistasis is not operating, it was considered essential to establish the presence or absence of epistasis in each environment. A deviation of the regression siope from unity (b = 1) in the diallel graph generally indicates the presence of epistasis, although other causes such as correlated gene distributions cannot be excluded, the significance of differences in b in each environment was tested by using the t value of (1 -b)/Sb with n-2 degrees of freedom. Cb 824) improved the slope of the line so that b was not significantly different from unity. In environment VII, the elimination of single arrays did not significantly change the slope, so pairs of arrays were eliminated. Elimination of array 2 (involving Proctor) and 6 (involving Cb 883) resulted in a regression coefficient which did not differ significantly from unity. The elimination of different arrays in these two environments indicated that epistasis might be operating and that it was not due to the same parent in each case. The Wr/ Vr graphs for environments III and VII, after removing the interacting arrays, were drawn and are shown in fig. 2 as lila and Vila respectively. The regression lines cut the ordinates just above the point of origin in most cases and thus indicate partial dominance. However, in environment VIII the regression line cuts the ordinate just below the origin, although since the lines have not been corrected for experimental error this apparent overdominance may be a case of full dominance. In most cases (I, II, lila IV and VIII) the early mutant (No. 9), by taking a position on the regression slope furthest away from the origin, indicates that earliness in this genotype was recessive. In the remaining cases varieties 6, 2, 4 and 5 occupied the Estimates of the genetic components of variation, degree of dominance and heritability for ear emergence in the eight different environments are given in table 6. Highly significant estimates of D and H1 were obtained in all the environments which indicates that both additive and dominance components were responsible for the expression of ear emergence in this material. This confirms the conclusion obtained from the analysis of variance of diallel tables (table 5). The degree of dominance ranged from partial dominance in five environments to slight overdominance in three environments. This test confirms that the rate of ear emergence, although showing additivity, was also strongly influenced by dominance in certain environments. The ratio H2/4H indicated asymmetry of genes with positive and negative effects at loci showing dominance. Theoretically this rate should not exceed ft25, thus the value ofO431 obtained in environment III must be considered spurious. In most environments the ratio (4DH1) +F/(4DH1)-F indicated that the proportion of dominant and recessive allelomorphs in the parents was unequal and that for each recessive gene governing this character there were at least two or even more (e.g. in controlled environment VI) dominant genes or gene groups. The ratio h2/H2, which provides an estimate of the number of effective factors which exhibit dominance, ranged from 0 in VIII to nearly 3 in environment VI. This indicated that of the genes which control this character, at least one gene or gene group exhibited dominance to some degree. However, this value contrasts with the indications from estimates of the degree of dominance and the estimates of frequency of dominant recessive genes, but the estimate obtained from h2JH2 assumes equality and absence of opposition in dominance of the various gene loci which is not likely to apply in this material in view of the estimates for H2J4H1. In normal environments the poor association between the parental order of dominance and the parental measurements showed that neither late nor early parents contained all dominant genes, but rather that parents with intermediate flowering contained the highest proportion of dominant genes. This is also reflected in the position of arrays in the Wr/ Vr graphs. However, a direct contradiction in r values (ranging from +ft73 in environment VII to -O77 in environment VIII) shows that the genetic systems controlling ear emergence exhibit different expressions of dominance in the different environments.
Estimates of heritability, in the narrow sense, were high in most environments. However, the range in values from 37 per cent. to 89 per cent.
emphasises their limited usefulness when estimates obtained in one environment are translated to another environment, even when using the same material and recording the same character. In order to obtain some indication of the variation in the dominance components in different environmental conditions, an analysis of variance of Wr + Vr values was carried out using data from all environments (table 7) . The differences between arrays were not significant when tested against their interaction with the environment,
although they were significant when tested against the error term. The significant arrays x environment interaction indicates that the relative dominance of the parents varied considerably with the environments.
To study more precisely the interaction of the additive and dominance components with the environments, regression coefficients of these components on the environmental means were calculated and tested for significance (table 8) . The b value for the additive component (b = 462 172) was significant (P < 005), however, the b value for dominance was not significantly different from zero (b = 253 214); neither was the difference between the two regression slopes significant (table 8a) . The regression analysis (table 8b) confirmed that a significant portion of the additive x environment interactions was accounted for by the linear function of the environment means. However, both the additive and dominance components showed deviations around their regression slopes, and the variation for the latter was far higher ( fig. 3 ) than for the additive component, which indicates that the relationship between the environmental means and the expression of both additive and dominance components is not simple and straightforward.
Discussion
Plant breeders are well aware of the problems posed by genotypeenvironment interactions in breeding better varieties, but until recently, there was no agreement about the analytical approaches which could be used to provide reliable estimates of genotype-environment interactions. Two main approaches, one purely statistical (Yates and Cochran, 1938; Finlay and Wilkinson, 1963; Eberhart and Russell, 1966) and the other based on biometrical genetics (Mather and Jones, 1958; Jinks and Stevens, 1959; Bucio Alanis, 1966; Bucio Alanis and Hill, 1966; Perkins and Jinks, 1968a, b; Bucio Alanis et al., 1969) Eberhart and Russell (1966) defined both the linear and non-linear function of the genotype-environment interactions as" stability parameters (linear regression) and (deviation from the regression) respectively. They emphasised that the phenotypic expression (T) of a particular genotype (i) in a specific environment (j) depends on the mean expression (t), the linearity of response of that genotype to changes in the environment () and the extent of residual deviations from the regression (jj). Perkins and Jinks (1 968b) observed that these two components of the genotype-environmental interaction are independent and presumably subject to the control of different genetic systems. In our material, the presence of significant values for only those F1's which involved either one or both the parents having /3j values greater than unity, confirms that the linear response is under genetic control and subject to dominance (see tables 2 and 4). Similarly, the generally low estimates of in array 3 (involving line 7-2) indicate genetic control and dominance for the non-linear component in this material. Thus these results confirm the findings of Perkins and Jinks (1968b) that both these components are under the control of different gene systems. The weak correlation between magnitude of the linear regressions and the mean performance of the varieties did not persist into the F1 generation. Thus, no predictions about the linear response in different environments of either the parents of F1's would be possible on the basis of their mean performance (see Jinks and Mather, 1955; Perkins and Jinks, 1968a, b) . It was noticeable in this material that the range of the ' linear " and" non-linear components of the genotype-environment interactions was greater in the parents than in the F1's. It is possible that the high variation for the nonlinear component (Sb) among the parents could be accounted for by the wide genetic diversity (see Perkins and Jinks, 1 968b) of the material consciously included in this investigation.
Genotype-environment interactions can result in considerable upward bias in estimates of genetic components. In considering this aspect, Gardner (1963) emphasised the need to determine the relative magnitude of the variances due to the interactions of additive and dominance gene effects with the environment before it is possible to decide which component of genetic variation could be exploited in a breeding programme. Previous investigations have shown that both the additive and dominance components can interact with changes in the environment (Rojas and Sprague, 1952; Matzinger et al., 1959; Liang, 1967; Paroda and Joshi, 1970) .
A number of workers including Jinks and Mather (1955) , Jinks and Stevens (1959) , Bucio Alanis and Hill (1966) , Bucio Alanis, Perkins and Jinks (1969) , Jinks and Perkins (1969) and Breese (1969) have investigated the relative sensitivity of additive, dominance and epistatic components and they have found situations in which the dominance component has been more sensitive, equally sensitive and less sensitive than the additive component. This investigation confirms that both the additive and dominance components interact with the environment. Although a major portion of the additive-environment interaction was accounted for by a linear relationship, a large portion of both the additive-environment interaction and dominance-environment interaction was non-linear. However, there is no theoretical reason to expect a simple linear relationship between the additive component and the environmental means to hold. Further, as far as the dominance component is concerned, an even more complex situation than for additivity may be expected to occur (Perkins and Jinks, personal communication) . Further information on these relationships is therefore needed before any generalisation about the stability of the genetic components is possible.
Originally Finlay and Wilkinson used the term " stability" to refer to the slope of the regression lines, genotypes with the most gentle slopes being referred to as the most stable in contrast to genotypes having the steepest slopes, which were the least stable. In view of the recent developments in analytical approaches, it is preferable now to consider the linear regression lines as measures of the relative response of genotypes to changes in the environment. Thus genotypes which take relatively the same amount of time to reach ear emergence over a wide range of environments would have b values less than unity and would be least responsive to changes in the environment. Thus, in this investigation the induced mutant M-12a (No. 9) with b = 0619 would be the least, and Proctor No. 2 (b = l467) the most responsive parent varieties. In the absence of a more appropriate term, it is preferable to use "stability" to refer to the measurements of unpredictable variation in response to changes in the environment as indicated by deviations from the linear regression lines (see Breese, 1969). This latter definition of the term " stability" would then be the same as Eberhart and Russell's second parameter of stability (S), and is used in this paper. -A measure of this attribute of a genotype can be obtained from either the S or the standard errors (Sb) attached to each regression line, thus the genotype with the smallest amount of variability around the regression line is considered to be the most stable. In this context Line 21-2 (No. 4) within this sample of parents, would be considered the least and Cb 883 (No. 6) the most stable as far as ear emergence is concerned. In selecting genotypes likely to give a predicted rate of earing in a given environment, both the mean value for rate of ear emergence and the regression slopes of the varieties concerned would also have to be considered. Selection for an early flowering and stable genotype in a range of environments would require a low mean, the least possible regression slope (b = 0 to <1 0) and the least deviation around the slope. On the other hand, a breeder interested in obtaining relatively late flowering and stable genotypes over a wide range of environments might consider selecting lines having a high mean, a regression slope around I 0, and the least deviation around the regression line.
Regarding the genetic system controlling the rate of ear emergence in spring barley these results confirm the previous observations that this character is quantitatively inherited and that it is partially governed by dominant genes or gene groups (Johnston, 1934; Johnston and Aamodt, 1935; Smith, 1951; Takahashi and Yasuda, 1956; Eunus, 1964) . In the varieties under investigation both additive and dominance components were responsible for the expression of this character. The considerable shift in the position of relative dominance of different arrays from normal to controlled environments emphasise the need to carry out genetic studies in environments closely allied to those in which the information is going to be applied.
As regards the performance of particular genotypes, the induced mutant M-1 2a (No. 9) from the variety Bonus provides a good source of earliness, and in this investigation was earlier than any other genotype over a wide range of environments. Line 7-2 (No. 3), while it was more stable than No. 9 was only as early as No. 9 in the early environments; in the later environments it was responsive to the changed environment and eared considerably later than M-l2a. Gb 883 (No. 6) can be used as a medium flowering, stable genotype in different environments. As far as F1 hybrids are concerned in view of the existing dominance pattern, exploitation of would help in obtaining the most stable and superior hybrids. No doubt considerable efforts would be required by a breeder in the selection of such parents from the available genetic stock, but the premium in hybrid production is bound to be great. The The analysis, as carried out in this paper, illustrates the power of the analytical techniques now becoming available for the use of the breeder.
Because data from a range of environments can be considered as a single unit, a pattern of genotype-environment interactions is becoming apparent, which will greatly simplify the task of the breeder in developing either specific or generally adapted genotypes. As discussed earlier, such studies would also be of immense help in selecting the most stable and superior hybrids and would thus aid considerably in the F1 hybrid breeding programmes.
SUMMARY
An investigation of genotype-environment interactions for ear emergence in ten spring barley genotypes grown in eight different environments shows that:
1. Genotype-environment interactions were operative in both the parental and F1 generations and that a significant portion of these interactions was accounted for by the linear function of the environmental means. Some of the interaction was, however, independent of this linear component.
2. Both the linear and non-linear components of the genotype-environment interactions were under the control of different gene systems. In the material analysed, two different parents, Proctor and Line 7-2, showed dominance for the linear and for the non-linear components, respectively.
3. Interaction between the additive component and the environment was greater than that of the dominance component in the different environments.
4. Rate of ear emergence in this material was governed by partial dominance.
5. The irradiated mutant M-l2a from Bonus exhibited the most rapid rate of ear emergence in all environments. The recessive earliness of this genotype could provide a good source of new genetic variation for improved earliness in barley.
6. The practical implications of the study of genotype-environment interactions for practical plant breeding are discussed briefly.
